Organic-inorganic membranes were obtained by modification of polymer microfiltration membrane with inorganic ion-exchangers, which form secondary porosity inside macroporous substrate (zirconium hydrophosphate) or simultaneously in the macroporous substrate and active layer, depending of the particle size (from 50 nm up to several microns). Precipitation of the inorganic constituent is considered from the point of view of Ostwald-Freundlich equation. Such processes as pressing test in deionized water
INTRODUCTION
Membrane technologies are widely used in the food industry (1-7): for concentration of valuable components, desalination, pH correction, decontamination of waste water and so on. Membranes play a key role in the processes and their proper choice is the main factor determining the efficiency of separation and the quality of the final product. Technological liquids and wastes of primary production in the food industry are complex multicomponent solutions containing both organic and inorganic compounds, as well as microorganisms. This variety of the composition causes fast fouling of the membranes. Thus, development of separators with antifouling properties is an important task (4, 5, 8, 154 9) . A number of approaches are used in order to solve this problem: the membranes are modified by particles of inorganic ion-exchangers (4, 5) or coated by hydrophilic polymers (8, 9) . Modification with inorganic particles looks more attractive, since they contain no hydrophobic regions, where adsorption of organics occurs. Among liquid wastes of the food industry, grain distillery is rather complex object for membrane separation due to a wide range of particles: from ions to rather coarse species (10) (11) (12) (13) (14) (15) (16) (17) (18) . It was found that a decrease in the pore size of active layer from 800 to 200 nm did not affect the permeate of grain distillery (15) . Cake formation on outer surface of the membrane lowers its permittivity; however, the precipitate can be removed easily by hydrodynamic pulsation. Organic substrates can be deposited inside the membrane pores. In this case, the precipitate removal requires chemical reagents, which reduces life-time of the polymer separators.
Earlier we modified the track substrate containing no active layers: the size of pores was uniform (300 nm) throughout the thickness of the polymer separator. A disadvantage of the track membrane is rather low mechanical durability. More durable membranes consist of macroporous substrate coated with a thin active layer. During modification of the membrane with inorganic ion-exchanger, the particles can be deposited either in the substrate or in the active layer or simultaneously in the substrate and layer. As expected, different inorganic ion-exchangers form particles of various sizes, which evidently determine their location. At last, location of the modifier determines functional properties of the membranes.
The aim of the work was to establish the effect of the modifier on separation ability of the composite membranes and their stability against fouling by components of grain distillery.
EXPERIMENTAL
Mifil-0.2 microfiltration membranes (produced by the Institute of Physico-Organic Chemistry of the National Academy of Science of the Republic of Belarus) were used for the investigations. These materials consist of macroporous substrate (non-woven polyester) and thin active layer (aliphatic polyamides).
The sol of insoluble zirconium hydroxocomplexes containing 0.1 M Zr(IV) was prepared as described in (19) . The membranes were degassed in deionized water under vacuum at 343 K and impregnated in the sol. Hydrated zirconium dioxide (HZD) or zirconium hydrophosphate (ZHP) were precipitated directly in the polymer with 0.1 solutions of NH 4 OH or H 3 PO 4 respectively. The membranes were washed with deionized water, dried at room temperature down to constant mass, treated in a Bandelin ultrasonic bath (Bandelin, Germany) at 30 kHz, and dried again. The separators were marked as Mifil-HZD and Mifil-ZHP. The pristine membrane was also used for a comparison. Different samples of the membranes were used for investigation of morphology, determination of cut-off, and filtration of corn distillery.
Morphology of the membranes and zirconium content in the modifier were investigated by scanning electron microscopy (SEM) using the equipment mentioned in (5, (19) (20) (21) .
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The active layer was also removed from the outer surface of the membrane, crushed after cooling in liquid nitrogen and studied by transmission electron microscopy (TEM). The precipitate, which was removed from the outer surface of the membrane during ultrasonic treatment, was also investigated by TEM.
The experimental set-up for filtration ( Fig. 1 ) involved a two-compartment flow-type cell (effective surface area of the membrane was 2.1·10 -3 m 2 ), liquid line (which provided circulation of liquids through the concentration compartment), thermostatic bath, and measuring instrumentation (manometer, rotameter). A buffer vessel filled with air was used to smooth-out of liquid pulsation. First of all, the membranes were pressed in deionized water at 298 K. The pressure was kept at the level of 0.6-8 bar; it was increased step by step from lower to higher pressure drop (P) until a constant flow rate through the membrane at each P magnitude (i.e. until steady state conditions). The volume of the permeate (V) was monitored. Each cycle of water filtration was repeated 4 times.
After the pressure test, the cut-off for the membranes was determined by filtration of the solution containing polyethylene glycol (PEG analytical standard, Aldrich Sigma) of 40 or 108 kDa. Filtration was performed at 1 bar, at room temperature. Both the initial solution and permeate were analyzed with modified Dragendorff reagent method (22) .
Corn distillery (pH 4.1) was used for the investigations. The liquid contained (g dm -3 ): total solids − 73, COD − 64. Preliminarily, the liquid was centrifuged on a LU-418 centrifuge (Laboratoriumi centrifuga gepkonyve, Hungary) and further filtered through the blue ribbon filter paper. In fact, the liquid for separation is related to semi-distillate.
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Before filtration of corn distillery, the samples were pressed in deionized water 4 times under different pressure as described above. Then, the corn distillery was inserted into the system instead of water. This liquid was circulated through the cell for 1 h at 333 K and 0.03-0.05 bar, this pressure provided no filtration. Then, the cycle of water filtration was repeated at different P values. At last, corn distillery (1 dm 3 ) was filtered under different pressures. After the end of the process, water was forced though the membrane again. The content of organics in the grain distillery was determined using a URL-1 Model 1 refractometer (Analitpribor, Ukraine), calibrated using deionized water.
RESULTS AND DISCUSSION

Morphology of the membranes
The macroporous substrate was formed by interwoven fibers, a thickness of which was 20-30 m (Fig. 2) . The size of the pores between the fibers was up to 50 m (Fig.  2a) . The active layer was permeated with slit-shaped pores (100-300 nm), as seen in Modification with HZD caused precipitation both on the fibers (Fig. 3a) and in active layer (Figs. 3b, 3c ). The size of the particle aggregates was 10 m. These formations were much smaller than the pores between the fibers, so they cannot affect separation ability of the membrane. Simultaneously, a change of morphology of the active layer is visible, this layer contain aggregates of primary particles. The size of these primary particles was up to about 50 nm. The ZHP modifier was found to be precipitated mainly on the fibers due to a large size of the particles. Indeed, the TEM analysis of ZHP powder showed massive particles of micron size (Fig. 4a) , at the same time, HZD was deposited in the form of aggregated nanoparticles (Fig. 4b) . 
Original scientific paper 158 Different types of ZHP and HZD particles are evidently caused by the mechanism of their deposition from the sol. The sol contains nanoparticles of insoluble zirconium hydroxocomplexes (19) , coordination arrangement of Zr involves mainly OH ligands (23) . The particles are stabilized by counter-ions. The addition of an NH 4 OH solution caused aggregation of the particles. On the other hand, the addition of H 3 PO 4 to the sol caused evidently dissolution of the sol particles, followed by hydrophosphate deposition.
Deposition of inorganic particles
From the thermodynamical point of view, the smallest particles are dissolved during precipitation in accordance with the Ostwald-Freundlich equation (24):
where C is the compound concentration,  C is the concentration of saturated solution (the C and  C values are extremely low),  is the shape factor,  m is the molar volume of the compound,  is the surface tension of the solvent,  is the wetting angle, R is the gas constant, T is the temperature, r is the particle radius. In other words, the particles with a radius and less are dissolved and reprecipitated as larger particles. The compound of larger molar volume form larger particles. Regarding amorphous ZHP and HZD, their exact chemical composition is indefinite. It is possible to make approximate estimations using data for crystalline materials. Molar mass and particle density of crystalline ZrO 2 are 123.2 g mol -1 and 5.68 g cm -3 respectively, thus  m = 21.7 cm 3 mol -1 . The ZHP deposited from the sol contains mainly hydrophosphate groups, similarly to crystalline -ZHP (21). Since the particle density of this compound is 3.3 g cm -3 (25) , its molar volume is 91 cm 3 mol -1 . Thus, larger particles are formed during ZHP deposition in comparison with HZD. In contrast to HZD, the ZHP particles, due to their size, can be located only in the macroporous substrate.
Pressure test
The flux of permeate ( ) was determined as:
where A is the membrane area, V is the cumulative volume of permeate,  is the time. where  is the dynamic viscosity of a liquid, R m is the hydrodynamic resistance of the membrane. It is seen, that J  0 at P = 0 due to deviation from the Darcy law at low pressure. The flux grows from the first to third cycle of pressure test, further no sufficient change of the J value is observed. Since no sufficient losses of Zr was found for the membrane after the pressure test, the increase of the flux from the first to third cycle can be caused by compaction of the particles inside the polymer active layer. Probably, this is possible to say about a decrease of thickness of the "incorporated inorganic active layer". The permeate flux increases with pressure also for other membranes. As seen from Table 1 , the flux decreases in the order: Mifil-0.2 >Mifil-ZHP> Mifil-HZD. A lower rate of water flow through the Mifil-ZHP is due to ion-exchanger particles in the substrate, which provide higher hydrodynamic resistance. The lowest filtration rate for Mifil-HZD is due to the particles inside the active layer. The cut-off value for the Mifil-HZD was 108 kDa, since rejection is higher than 90 %. No sufficient PEG rejection was found for other membranes.
Filtration of corn distillery
During filtration of corn distillery, the Mifil-0.2 and Mifil-ZHP membranes showed higher filtration rate than the Mifil−HZD separator (Fig. 6) . However, the flux decreased after a certain induction period (Mifil-0.2 and Mifil−ZHP). In contrast to this, the Mifil−HZD membrane showed constant permeate rate over time, indicating stability of the membrane against fouling. No rejection of organics was found for the Mifil-ZHP membrane (this is the same for Mifil-0. Adsorption of corn distillery without its filtration causes a decrease of water flux through this membrane from 12 down to 4.7 cm 3 m -2 s -1 (Fig. 7) . Regarding the corn distillery, the permeate flux was even lower. Nevertheless, the flux of water after corn distillery filtration was practically the same as that before filtration of the biological liquid. The J ˗ P dependence is linear, however, their slopes to the abscissa axis is lower than those for water (see Fig. 5 ).
In order to explain the contradiction between the data of Fig. 6 (constant filtration rate) and Fig. 7 (the lowest flux of the permeate of corn distillery, the influence of this liquid on water filtration), a number of known theoretical models were applied to the process of corn distillery filtration as described further. 
Fouling of the membranes during corn distillery filtration. Theoretical modeling
According to classical theoretical approaches, the fouling mechanism is pore blockage, if the permeate flux is proportional to time (27) 
Fouling is only due to cake formation on its outer surface. In fact, insertion of hydrophilic HZD into the active layer of polymer microfiltration membrane provides its stability against fouling with organics during filtration of corn distillery. The particles in the polymer matrix perform a function of additional active layer; they play the same role for composite inorganic membranes (19, 28) .
The other membranes are poisoned with organic substrates, which are precipitated on the walls of pores, thus blocking them. The Mifil−ZHP membrane is more stable against fouling than Mifil-0.2, evidently due to ZHP particles, which protect the substrate. However, deposition of organics is possible inside the active layer of the membrane. 
CONCLUSION
The membrane containing HZD particles shows the best results: in this case no pore constriction and pore blockage occurs during filtration of corn distillery. Fouling takes place only by cake formation on outer surface of the membrane, which can be easily removed by hydrodynamical pulsations. This membrane demonstrates selectivity towards organics. These remarkable properties of the Mifil−HZD membrane can be due to the deposition of the ionexchanger particles inside the polymer active layer. The particle location is possible due to their small size. The pores between primary particles, which form aggregates, provide rejection of the organics, such as PEG or components of corn distillery. In opposite to HZD, deposition of larger ZHP particles is possible from the point of view of thermodynamics. These large particles occupy mainly the fibrous substrate. As a result, the active layer is free from ZHP particles and cannot provide rejection of organic species.
The incorporated inorganic particles decrease the flux of the permeate. Thus, the next stage of the membrane development is a decrease of the thickness of secondary active layer, which is formed inside the pores. Improvement of selectivity requires a decrease of particle size, i.e. narrowing of the pores between them. The use of Ostwald-Freundlich equation is recommended for the control of particle size. The Mifil−HZD can be evidently applied to solution of various tasks in the food industry, for instance, to produce protein concentrate from milky whey, to clarify fruit and vegetable juices, etc.
